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Abstract—Dietary arsenic intake estimates based on surveys of total arsenic concentrations appear Ic
be dominated by intake of the relatively non-toxic, organic arsenic forms found n seajood. Concen-
trations of inorganic arsenic in food have not been not well characienized. Accurate dietary intake esu-
mates for iorganic arsenic are needed 10 support studies of arsenic’s status as an essenlial nutrient.
and 1o establish background levels of exposure to inorganic arsenic. In the market basket surve:
reported here, 40 commodities anticipated to provide at least 90% of dietarv inorganic arsemic intake
were identified. Four samples of each commodity were coliected. Total arsenmic was anaivseo using an
NaOH digestion and inductjvely coupled plasma-mass spectrometry. Separate aliquots were analysed
for arsenic species using an HC] digestion and hydride atomic absorption spectroscopy. Consistent with
earher studies, total arsenic concentrations (all concentrations reported as elemental arsenic per tissue
wet weight) were highest in the seafoods sampled (ranging from 160 ng/g in freshwater fish 1o 2360 ng/
g 1n saltwater fish). In contrast, average inorganic arsenic 1n seafood ranged from less than | ngg to 2
ng/g. The highest inorganic arsenic values were found in raw rice (74 ng/g), followed by fiour {11 ngyg),
grape juice (9 ng/g) and cooked spinach (6 ng/g). Thus, grams and produce are expecied 1o be signifi-
cant contributors to dietary inorganic arsenic intake. © 1999 Elsevier Science Lid. All rights reserved
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INTRODUCTION

Arsenic has been detected in most foods tested.
Although arsenic may be present in foods in a var-
ety of orgamc compounds as well as in inorganic
forms. most studies have reported only total arsenic
concentrations. Based on studies in Jaboratory ani-
mals. morganic arsenic may be a required nutrient
for humans: however, the required intakes and the
intakes {rom typical diets are not well characterized
(Uthus. 1994a.b; Uthus and Seaborn, 1996). During
the Jast two decades, much progress has been made
in understanding the forms and concentrations of
arsenic in some foods. The primary focus of prior
research has been on arsenic in aquatic organisms,
many of which contain tota] arsenic concentrations
two to three orders of magnitude greater than total
arsenic concentrations in foods of terrestrial origin

*Corresponding author.

(Jelinek and Corpeliusser.. 1977: Schroeder and
Balassa, 1966).

Studies of the arsenic forms found in finfish and
shellfish have demonsirated that mosi arsenic in
these foods occurs as methylated arsenic cormn-
pounds. with only small amounts of 1norganic
arsenic present (Buchet er al. 1994: Francesconi
and Edmonds, 1994: Phillips. 1994: Yost er al.,
1998). Inorganic arsenic 1s not formed after inges-
tion of these compounds (Buchet er al., 1994, 1996),
indicating little or no metabolism in humans to the
most toxic forms of arsenic. The complex arsenic
compounds that predominale in marine organisms
are much less acutely toxic than soluble inorganic
arsenic compounds. with arsenobetamne (the predo-
minant compound in finfish) being wvirtually non-
toxic (Shiomi, 1994; Yamauchi and Fowler, 1994).
Monomethylarsonic (MMA) and dimethylarsenic

(DMA) acids are also less acutely toxic than the
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microwave oven. instead of being boiled in water.
Commodities collected. a descripion of the
samples. the state or countrv of origin of the raw
commodity (if known), and a brief description of
the preparation/cooking methods are presented in
Table 1. Each sample was then analvsed separatelv
(i.e. no composites were prepared).

Sample analyse:

All samples were analysed at Battelle Marine
Sciences in Sequim. Washington. Total arsenic was
analysed in food commodities after NaOH digestion
bv inductivelv coupled plasma-mass specirometry
(ICP-MS). Approximately one in every 10 samples
was analvsed in triplicate. For the digesuon of
hiquids (milk, juices and water). NaOH was added
to 8 ¢ hgumd to produce 2 N NaOH solution. This
solution was heated for 16 hr at 80°C. For the
digesuon of solid food. either ] or 2g food was
digested in 13 m! 2 N NaOH for 16 hr a1 80°C. 1In
preparation for ICP-MS analysis, ] ml digestate
was diluted with 9ml 2% concentrated HNO.. A
mode! Elan 5000 Perkin-Elmer ICP-MS was oper-
ated using the stock cross-fiow nebulizer. Several
jons were monitored to evaluate polvatomic intes-
ference from Ar®® C1**. which has the same mass as
arsenic. When interference occurred. the manufac-
turer’s correction factor was used to reduce the
interference.

Food samples were digested for analysis of total
arsenic using NaOH instead of HNOs, which had
been used in a previous study of arsenic in rice and
vams (Schoof eir al.. 1998). The NaOH digestion
was expected to be more effective than HNOQO: 1,
dissolving food with high fat content. A compansorn
between these two tvpes of digesuons on five differ-
ent rice samples resulted in a relative percent difier-
ence of 10% between the mean concentration:.
Total arsenic results for ovster ussue digested with
NaOB or HNO: agreed within 5%. Analvsis of
standard reference bovine liver (certified 0.055 ug/p
As) digested with NaOH resulted in 0.071 ug/g and
digested with HNO: resulted in 0.06Z ug/g. These
results indicate that both digestion methods are
comparable and accurate.

Arsenic speciation was determined in food
samples digested with HC]. Between 0.5 and 2 ¢ of
food was digested with 13ml 2 v HCI a1 80°C for
16 hr. The digestates were stored at 4°C before
analysis by EPA Method 1632, (US EPA, 1996). A
2-ml aliquot of the digestate was analvsed for
As®* by arsine generation at pH 6 with the redu-
cing agent sodium borohvdnide. The hydride was
collected on a crvogenic column before gquantifi-
cation by atomic absorption (AA) using 2 quartz
tube with an air-hvdrogen flame positioned in the
light path.

The HCI digestion is effective in dissolving the
arsenic compounds in food without changing the
oxidative states of As’" and As’” (Beauchemin
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et al., 1988: Schoof er al., 1998). Also, MMA and
DMA are not decomposed during the digestion.
Recoverv of matrix spikes of As®*, As®", MMA
and DMA added to 21 different foods indicates
that the digestion process does not alter the specia-
tion of these four compounds. Mean spike recov-
eries for the four arsenic species were 92% for
As™" . 86% for As®”, 89% for MMA and 98% for
DMA. Because there are few published data on
arsenic speciation in food, comparisons with other
digestion methods are limited. The Canadian
Nationa] Research Council reported the certified
reference material DORM-1 (dogfish muscle) con-
tained 0.47 + 0.02 yg/g DMA (Beauchemin er al,
1988). Our resulis for seven replicates of DORM-1,
analvsed with different batches of food, had a mean
and standard deviation of 0.56 % 0.07 ugjg. The
concentrations of arsenic species were stable for
over 1 month in the digestates of certified reference
materials stored at 4°C.

The quantification of tota] inorganic arsenic,
MMA and DMA was conducted similarly to that
of A<'”. except that arsines were generated at
pH 1. The three arsines (arsine, methylarsine and
dimethylarsine) were collected on the cold column,
then quantifled by AA when the column was
heated. The different column retention times of the
arsmes allows quamiﬁi:alion of inorganic arsenic,
MMA and DMA. The concentration of As** js
determined by the difference between inorganic
arsenic and As®”. Every fourth sample was ana-
lvsed in triplicate.

The data were blank-corrected by subtracting the
mean of the procedural blanks. The mean blank
concentrations are shown in Table 2. The method
detection limits were determined from the varnance
in triplicate analvses of food samples containing
jow but deiectable arsenic. The siandard deviation
was multiplied by the Student’s r-value -for 95%
confidence level. The method detection limits are
shown in Table 2.

“1f no arsenic was detected (after blank correci-
ing). one-half the value of the method detection
limit was given with a “U” flag. One-half the detec-
tion limit was used in subsequent calculations.
Mean values have a “U" qualifier if all values used
1o calculate the mean were “*U” qualified. When the
concentration of arsenic in food (after blank cor-
recting) was detected above the blank concentration
but below the method detection limit, the value was
“J" flagged. The same rule as was used for the
“U" flagged values was also applied in assigning
*J” qualifiers to mean values.

RESULTS

Table 3 shows mean concentrations of total and
inorganic arsenic for 40 commodities and tap water.
The data from the two towns from which food
samples were collected did not difier significantly.
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Table 2. Mean blank concentrauons and method detecuon limis
(ngrg wet weight

Mean blank concentrauons  Method aetection himits

ASio 4.57 e
As, 1.9¢ z
As™* <] 1
Ast? 1.9¢ :
MMA <} !
DMA <Z z

Note: As-total arsenic
As;-inorganic arsenic
MMA-monomethylarsonic acic
DMA-dimethylarsinic acid.

Consequently. the daia for all four samples of each
commodity were averaged.

Total arsenic was detected in IWO Or more
samples of 35 of the 40 commodities. that is. all of
the commodities except butter. soyvbean/vegetable
oil. salt. whole milk and green beans. Inorgamc
arsenic was detected in two or more sampies of 34
of the 40 commodiues. that 1s. all commodities
except sovbean/vegetable oil. whole and skim milk.
chicken, tuna and orange juice. lnorganic arsenic
concentrations were either undetected or “*J'* quab-
fied in -approximately one-half of the samples,
suggesting that the detection limits achieved in this
studyv are just sufficient to characterize morganic
arsenic concentrations in a wide variety of foods.

Consistent with earlier studies. total arsenic con-
centrauions (all concentrations reported as elemental
arsenic per tissue wet weight) were highest in the
four kinds of seafood sampled (means ranged from
160 ng/g n freshwater fish to 2360 ng/g n saltwater
fish). In contrast. average norgamic arsenic mean
concentrations in seafood ranged {rom less than ]
ng/g to 2 ng/pe. Marked vamation 1 total arsenic
concentrauions observed n finfish samples may
refiect  variations among Sspecies (Table 4).
Concentrations were more consistent among canned
tuna samples.

The next highest total arsemic concentrations
occurred in rice (303 ng/g). which also had the
highest  concentrations of norganic  arsenic
(Tabie 3). Other foods with relatively high (i.c.
greater than 10 ng/g) total arsenic concentrations
included foods high in protein (i.e. beef, chicken.
pork, eggs and peanut butier) or sugar (i.e. beet
sugar, cane sugar, grapes and prape juice), and
grains (i.e. corn meal and fiour).

The inorganic arsenic concentrations in raw rice
(74 ng/g) were much higher than concentrations in
other foods. The next highest concentrations of
inorganic arsenic were in flour (11 ng/g), grape juice
(9 ng/g). cooked spinach (6 ng/g). peanut butter (5
ng/g), peas (5 ng/g), as well as cane sugar. corn
meal, cucumber and beet sugar (all 4 ng/g).
Inorganic arsenic concentrations were low enough
in most foods that it was not clear what arsenic
forms predominated (i.e. As™ or As**); however,
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in rice, fiour, grape juice, spinach, peanut butter and
cucumber. the concentrations of As®” were generally
more than twice the concentration of As**. In con-
trast, cane sugar and beet sugar appeared to have
more As®” than As’” (data not shown).

In fruits and vegetables, inorganic
accounted for approximatelv one-half of the total
arsenic (Table 3). In grains, sugars and oil, inor-
ganic arsenic accounted for approximately one-
quarter of the total arsenic, while only a small frac-
tion of the total was inorganic in meat, poultry, fish
and eggs. With a few exceptions, both MMA and
DMA concentrations were undetected or verv low.
Rice and shellfish (shrimp) were the commodities
with the highest DMA concentrations, with mean
concentrations of 91 and 34 ng/g. respectively
(Table 4). The next highest concentrations of DMA
were in beet sugar and cane sugar, with concen-
trations of 7 and 8 ng/g, respectively (data not
shown). DMA was also detected at low concen-
trations in seafood (Table 4), meat and fruits and
fruit juices (data not shown). MMA was repeatedlv
detecied only in samples of apple juice (daia not
shown) and rice (Table 4).

arsenic

DISCUSSION

Inorganic arsenic was found at ng/p concen-
trations in most foods tested. Concentrations for
inorganic arsenic reported in the present study were
generally lower than those previously reported for
seafood, meat and pouliry, even though total
arsenic concentrations were similar among studies.
For example, while inorganic arsenic concentrations
in saltwater finfish (cod, halibut, orange roughy,
canned tuna) were less than | ng/g in the present
study. three previous studies reported values from &
10 28 ngre for similar fish species (Buchet er al.,
1994. Mohn er al. 1990; Yost er al, 1998).
Similarly. inorganic arsenic concentrations In
shrimp ranged from 1 to 3 ng/g in the four samples
tested in the present study, compared to values of
37 ng/g (Mohri er al., 1990) and 100 ng/g (Yost
et al.. 1998) in two samples tested previously. Meat
and poultry products tested in the present study
(N = 12) also contained 1 ng/g or less of morganic
arsenic. compared to 9 10 24 ng/g reported in a pre-
vious study (Yost er a/., 1998).

Inorganic arsenic concentrations in other foods
were generally consistent with previously reported
values. Inorganic arsenic concentrations have been
notably consistent among rice samples tested by
several methods, with average values ranging from
74 1o 110 ng/g (Table 5). In particular, similar con-
centrations were reported for split samples analysed
by hvdride AA after HC] digestion or by ICP-MS
after a water-based extraction .(Table 5). Given
these findings, 1t is unclear why lower inorganic
arsenic concentrations were reported for seafood,
meat and poultry in the present study compared to



-y

Survey of inorgamc arsenic in food 845
Table 4. Arsemc concentrations in individual sampies of selected foods (ng/g wet weight)
Sample Total arsenic Inorgamic arsenic MMA DMA
Saltwater finfish
Orange roughy 568 11U 05U 1J
Cod~sample | 6080 03v 0.5 U S
Cod—sample 2320 0.1J 05U 4J
Halibut 46¢ 0.7J 05 U 0.7J
Mean 2360 0.5J 0.5U 3
- Canned tuna
Sample 1 770 11U 0.5 U 17
Sample 2 15¢ 1V 05U [
Sample * 500 IRy 0.5 U 3
Sample 4 621 U 05U 2J
Mear. 51z v 0.5V K
Shrimp
Sample ] 1490 2J 05U ¢
Sample 2 2790 2 05U 7
Sample > 473 1J 0.s U 2]
Sample 4 282¢ 3 0.5 U 3
Mear 1890 1.9 7 0.5 U 3¢
Freshwater finfish
Catfish—sampie ! 2 2J 05U 1 U
Catfish—sample 2 3} v 05U 1
Catfish—sample = 24 0.2J 05U 11U
Rainbow Trout AN IR 05 Uu [
Mear. LIS 1 J 0.5 U 2J
Raw rice
Sample ] 33s 58 05U v
Sample Z 21F 62 0.5 U 61
Sample = 467 8! 3 202
Sample 4 19¢ 97 3 99
Mean 307 73.% z 91

Note: The tourth semple listed for all of the above {oods is &8 mean of triplicate analyses for that sample.
J—esumales value observed above the blank concentration, but less than the method detection limit
Ui—not detected at method detection limit; one-half the detectuon limit shown.

in a subsequent article. However, typical inorganic
arsenic intakes are not expected to exceed those
reported previously (i.e. 8-14 yg/day for adults)
(Yost er al., 1998).

Although this study relies on one sampling event
in one state. the commodites sampled originated
from diverse geographic locations (Table 1). This
diversitv refiects the homogeneous nature of con-
temporary US food supplies. Most of the foods
with the highest inorganic arsenic concentrations
were processed foods that would not be expected to
have a local origin {1.e. nice, grape juice. cooked spi-
nach, peanut butter, peas, cane sugar. corn meal
and beet sugar). Seasonal influences are also likely
10 be mimimal in foods such as these that may be

stored for long periods without loss of quality.
Consequently, the inorganic’ arsenic concentrations
from this market basket survey are likely to be gen-
erally representative of typical concentrations in
foods throughout the US.

Arsenic may serve an essential role in growth and
nutriton (Uthus, 19%94a,b; Uthus and Seaborn,
1996). Based on studies of arsenic deprivation in
laboratorv amimals, an arsenic requirement for
humans eating 2000 kcal/day has been esumated 1o
be in the range of 12 to 25 ug/day (Uthus, 1994b).
Deficiencies related to low arsenic intakes would be
most likelv to appear in individuals with aliered
arsenic homeostasis or metabolic stress (Uthus,
1994a). These doses shounld be compared to toxic

Table . Companson of arsemc concentrauons n rice {uncooked) (ng/g wet weight)

Source Total arsenic Inorganic arsenic DMA MMA
United States® 303 74 91 2
(N = 4)

Taiwan® 120 83 21 21
(N = 5)

Taiwan® 150 110 13 13
(N =5)

Canada® 240 100 - -
(N=1

"Present study (HCI digestion, hydride AA).
®Schoof e al. (1998) (HCl digesuon, hydride AA).

“Schoof er al. (1998) (Split samples, ground, extracted with water and analysed by ICP-MS).
%Yost et al. {(1998) (HCI/HBr digestion, hydride AA), “organic” arsenic reported to be 160 ngjg.




